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Abstract
The simplest unified extension of the Minimal Supersymmetric Standard Model
with bi-linear R–parity violation naturally predicts a hierarchical neutrino mass
spectrum, suitable to explain atmospheric and solar neutrino fluxes. We study
whether the individual violation of the lepton numbers Le,µ,τ in the charged sec-
tor can lead to measurable rates for BR(µ → eγ) and BR(τ → µγ). We find
that some of the R–parity violating terms that are compatible with the observed
atmospheric neutrino oscillations could lead to rates for µ→ eγ measurable in pro-
jected experiments. However, the ∆m212 obtained for those parameters is too high
to be compatible with the solar neutrino data, excluding therefore the possibility of
having measurable rates for µ→ eγ in the model.
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1 Introduction
In the Standard Model (SM), lepton number is exactly preserved in contradiction with
the observed neutrino oscillations [1, 2]. Several extension of the SM include patterns of
neutrino masses and mixings which can provide a satisfactory explanation for these flavor
oscillations. The consequences of the individual violation of the lepton numbers Le,µ,τ for
charged lepton will be manifest in processes such as µ → eγ, µ → 3e, µ − e conversion
in heavy nuclei, τ → µγ and KL → µe [3]. The experimental upper bound for these
processes is quite restrictive, which imposes a significant constraint for the explanation of
flavor in models beyond the SM. However, the mechanisms used to explain the origin of
the tiny neutrino masses required to explain solar and atmospheric neutrino oscillations,
typically imply that these processes may occur at small rates, motivating an increasing
experimental interest in exploring further charged lepton flavor violating processes.
The rates for charged lepton flavor violation (LFV) are extremely small in the SM
with right–handed neutrinos (∝ ∆m4ν/M4W [4]). In R–parity conserving supersymmetric
(SUSY) models, like the Minimal Supersymmetric Standard Model (MSSM), the presence
of LFV processes is associated with vertices involving leptons and their superpartners [5].
These processes are sensitive to the scalar mass matrices structure, a non–diagonality of
the latter in a basis in which fermions are diagonal, leads to a hard violation of flavor. The
structure of the scalar mass matrices is very sensitive to the SUSY–breaking, in particular
in models where SUSY is softly broken, LFV imposes a severe constraint in the flavor
dependence of the soft–terms as they are generated in GUT’s and string inspired models
[6].
The inclusion of a “see–saw” mechanism in the MSSM provides a very attractive
scenario to understand neutrino oscillations with very small neutrino masses, and at the
same time gives rates for LFV processes accessible in projected experiments [7, 8]. The
waiving of the R-parity symmetry in the MSSM provides an alternative scenario to explain
the generation of small neutrino masses. In this case the R-parity violating operators can
be constrained by rare processes [9, 10, 11, 12].
The simplest extension of the MSSM with bilinear R–parity violation (BRpV) [13]
(allowing B–conserving but L-violating interactions) can explain neutrino masses and
mixings which can account for the observed neutrino oscillations [14]. The BRpV model
has been extensively discussed in the literature [16]. It is motivated by the fact that it
provides an effective truncation of models where R–parity breaks spontaneously by singlet
sneutrino vev’s around the weak scale [17]. Moreover, they allow for the radiative breaking
of R-parity, opening also new ways to unify Gauge and Yukawa couplings [18] and with
a potentially slightly lower prediction for αs [19]. For recent papers on phenomenological
implications of these models see Ref. [20, 21]. As the parameters involved in the R–parity
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violating operator are constrained in order to predict neutrino masses in the sub-eV range,
we address in this paper the question of whether this operator will induce rates for charged
LFV processes of experimental interest. Some of them occur at tree–level such as double
β decay [12, 22] and µ − e conversion in nuclei [23]. One loop LFV decays as lj → liγ
become interesting on this framework due to the experimental interest in improving the
current limits [24]:
BR(µ→ eγ) < 1.2× 10−11
BR(τ → µγ) < 1.1× 10−6
BR(τ → eγ) < 2.7× 10−6. (1)
As we will show, the predictions for the last two processes are much lower than the above
limits and will not constrain the BRpV model. For µ→ eγ the predictions are compatible
with the current limit but could begin to constrain the model for the bounds that will
be reached in current [25] or planned experiments [26], if only the atmospheric neutrino
data were taken in account. However the requirement that the one–loop induced ∆m212 is
in agreement with the solar neutrino data will imply that the predicted rates for µ→ eγ
will not be visible, even in those new experiments.
This paper is organized as follows. In sections 2, 3 and 4 we describe the model, the
scalar potential and the fermion mass matrices, respectively. In section 5 we derive the
expressions for the LFV processes. The results are presented in section 6 and in section 7
we give our conclusions. The more technical questions regarding the mass matrices,
couplings and the explicit formulas for the amplitudes are given in the appendices.
2 The Superpotential and the Soft Breaking Terms
Using the conventions of Refs. [21, 27] we introduce the model by specifying the super-
potential, which includes BRpV [16] in three generations. It is given by
W = εab
[
hijU Q̂
a
i ÛjĤ
b
u + h
ij
DQ̂
b
iD̂jĤ
a
d + h
ij
EL̂
b
iR̂jĤ
a
d − µĤad Ĥbu + ǫiL̂ai Ĥbu
]
(2)
where the couplings hU , hD and hE are 3×3 Yukawa matrices and µ and ǫi are parameters
with units of mass. The second bilinear term in Eq. (2) violates lepton number and
therefore also breaks R–parity. The inclusion of the R–parity violating term, though small,
can modify the predictions of the MSSM. The most salient features are that neutrinos
become massive and the lightest neutralino is no longer a dark matter candidate because it
is allowed to decay. Furthermore, we can observe that this model implies the mixing of the
leptons with the usual charginos and neutralinos of the MSSM. Lepton Yukawa couplings
can be written as diagonal matrices without any loss of generality since it is possible
to rotate the superfields Lˆbi in the superpotential, Eq. (2), such that Yukawa matrix hE
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becomes diagonal. Conversely, in BRpV models it is possible to apply a similar rotation
to reduce the number ǫ parameters and provide a non-trivial structure to hE [28].
Supersymmetry breaking is parameterized with a set of soft supersymmetry breaking
terms. In the MSSM these are given by
Lsoft = −V MSSMsoft +
[
1
2
Msλsλs +
1
2
Mλλ + 1
2
M ′λ′λ′ + h.c.
]
(3)
where
V MSSMsoft = M
ij2
Q Q˜
a∗
i Q˜
a
j +M
ij2
U U˜iU˜
∗
j +M
ij2
D D˜iD˜
∗
j +M
ij2
L L˜
a∗
i L˜
a
j +M
ij2
R R˜iR˜
∗
j
+m2HdH
a∗
d H
a
d +m
2
HuH
a∗
u H
a
u (4)
+εab
[
AijU Q˜
a
i U˜jH
b
u + A
ij
DQ˜
b
iD˜jH
a
d + A
ij
EL˜
b
iR˜jH
a
d −BµHadHbu
]
.
In addition to the MSSM soft SUSY breaking terms in V MSSMsoft the BRpV model contains
the following extra term
V BRpVsoft = −BiǫiεabL˜aiHbu , (5)
where the Bi have units of mass.
The electroweak symmetry is broken when the two Higgs doublets Hd and Hu, and
the neutral component of the slepton doublets L˜i acquire vacuum expectation values. We
introduce the notation:
Hd =
(
H0d
H−d
)
, Hu =
(
H+u
H0u
)
, L˜i =
(
L˜0i
ℓ˜−i
)
, (6)
where we shift the neutral fields with non–zero vev’s as
H0d ≡
1√
2
[σ0d + vd + iϕ
0
d] , H
0
u ≡
1√
2
[σ0u + vu + iϕ
0
u] , L˜
0
i ≡
1√
2
[ν˜Ri + vi + iν˜
I
i ] . (7)
Note that the W boson acquires a mass m2W =
1
4
g2v2, where v2 ≡ v2d+ v2u+ v21 + v22 + v23 ≃
(246 GeV)2.
In addition to the above MSSM parameters, our model contains nine new parame-
ters, ǫi, vi and Bi. The minimization of the scalar potential allows to relate some of these
free parameters. The values of ǫi, vi are directly related with the neutrino masses and
mixings as we will discuss below.
3 The Scalar Potential
The electroweak symmetry is broken when the neutral Higgses and the neutral slepton
fields acquire non–zero vev’s. These are calculated via the minimization of the effective
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potential or, in the diagrammatic method, via the tadpole equations. The full scalar
potential at tree level is
V 0total =
∑
i
∣∣∣∣∣∂W∂zi
∣∣∣∣∣
2
+ VD + V
MSSM
soft + V
BRpV
soft (8)
where zi is any one of the scalar components of the superfields in the superpotential in
Eq. (2), VD are the D-terms, and V
BRpV
soft is given in Eq. (5).
The tree level scalar potential contains the following linear terms
V 0linear = t
0
dσ
0
d + t
0
uσ
0
u + t
0
1ν˜
R
1 + t
0
2ν˜
R
2 + t
0
3ν˜
R
3 , (9)
where the different t0 are the tadpoles at tree level, their explicit expressions can be found
in Ref. [14]. The five tree level tadpoles t0α are equal to zero at the minimum of the tree
level potential, therefore we can use them to express the parameters:
µ, B, B1 , B2, B3, (10)
in terms of:
vu, vd, ǫi, vi, M
2
Lij , m
2
Hu , m
2
Hd
. (11)
We have two possible solutions for µ:
µ =
−b±√b2 − 4ac
2a
(12)
where a = v2u − v2d, b = 2vd
∑
3
i=1 ǫivi and
c = v2u
(
3∑
i=1
ǫ2i +m
2
Hu
)
− v2dm2Hd −
(
3∑
i=1
ǫivi
)2
−Dv2 − 1
2
3∑
i=1
3∑
j=1
vivj(M
2
Lij +M
2
Lji) (13)
where we have defined D = 1
8
(g2 + g′2)(v21 + v
2
2 + v
2
3 + v
2
d − v2u).
As one can easily verify, the above relations lead to the MSSM relation for µ2 in the
limit of vanishing ǫi and vi. The uncertainty of the sign in the MSSM is translated here
into two possible values for µ–term. However for the values of ǫi and vi relevant to our
work both solutions are close in module and of opposite sign. The values for B and Bi ’s
can be expressed in terms of µ as:
B =
1
vu
[
vd
µ
(m2Hd + µ
2 +D)−
3∑
i=1
ǫivi
]
(14)
Bi =
1
vu
vdµ− 3∑
j=1
ǫjvj − 1
ǫi
(Dvi +
1
2
3∑
j=1
vj(M
2
Lij +M
2
Lji))
 (15)
The equivalent equations for the MSSM equations are obtained by setting ǫi, vi equal
to zero.
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4 Fermion Masses with BRpV
As we discussed in the previous section the presence of BRpV terms in the superpotential,
Eq. (2), induces non–zero vev’s for the sneutrinos and enables the neutrinos to have a
mass, with a value related to the size of ǫi, vi and the SUSY parameters involved on
the electroweak symmetry breaking. Furthermore, the non–conservation of the R–parity
allows the SUSY partners to mix with the SM particles. In this section we describe with
detail the resulting neutralino–neutrino and chargino–charged–lepton mass matrices, since
they are the most directly related to our problem. The complete set of mass matrices for
the BRpV Model can be found in Ref. [14].
4.1 Neutralino–Neutrino Mass Matrix
The range of values of the ǫ–parameters is indirectly associated to the size of the neutrino
masses predicted by the model. To explore this relation we describe next the mass mixings
among neutralinos and neutrinos. In the basis ψ0T = (−iλ′,−iλ3, H˜0d , H˜0u, νe, νµ, ντ ) the
neutral fermion mass matrix MN is given by
MN =
 Mχ0 mT
m 0
 (16)
where,
Mχ0=

M1 0 −12g′vd 12g′vu
0 M2
1
2
gvd −12gvu
− 1
2
g′vd 12gvd 0 −µ
1
2
g′vu −12gvu −µ 0
 (17)
is the standard MSSM neutralino mass matrix and
m =

−1
2
g′v1 12gv1 0 ǫ1
− 1
2
g′v2 12gv2 0 ǫ2
− 1
2
g′v3 12gv3 0 ǫ3
 (18)
characterizes the breaking of R-parity.
The mass matrix MN is diagonalized by
N ∗MNN−1 = diag(mχ0i , mνj ), (19)
where (i = 1, · · · , 4) for the neutralinos, and (j = 1, · · · , 3) for the neutrinos.
Since mν ≪ mχ0 the mass matrix MN is similar to the ”see–saw” mass matrices
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and takes approximately the form diag(Mχ0, meff), with:
meff = −mM−1χ0 mT =
M1g
2+M2g
′2
4 det(Mχ0)

Λ2e ΛeΛµ ΛeΛτ
ΛeΛµ Λ
2
µ ΛµΛτ
ΛeΛτ ΛµΛτ Λ
2
τ
 . (20)
where the Λi parameters in Eq. (20) are defined as:
Λi ≡ µvi + vdǫi (21)
One of the neutrino species acquire a tree level non–zero mass, given by:
mν3 = Tr(meff) =
M1g
2 +M2g
′2
4 det(Mχ0) |
~Λ|2, (22)
where |~Λ|2 ≡ ∑3i=1 Λ2i . The two other neutrinos can get masses at one–loop as it is
discussed in Ref. [14]. For our purposes it will be important to have an estimate of the
values of ∆m212 = m
2
ν2
−m2ν1 . We will use the results of Ref. [15] where it was found that,
to a very good approximation, mν1 = 0 and
mν2 =
3
16π2
mb sin 2θb
h2b
µ2
log
m2
b˜2
m2
b˜1
(
~ǫ× ~Λ
)2
|~Λ|2 (23)
The explanation of the data on neutrino oscillations given in Ref. [14] requires the
neutrino masses to be be on the sub-eV range in order to fit the data on atmospheric
neutrino oscillations. In our examples we take a mν3 = 0.1 eV, which leads to values
of the |~Λ| in the range of 0.1 − 1 GeV2, for the values of the SUSY parameters that we
will consider. Considering that we take positive values for µ we should also take negative
values for the product ǫivi to avoid our analysis to be constrained to small values of ǫi.
However, as we will see, for the values of the SUSY parameters that give the largest
BR(µ → eγ), the values of the |ǫi| have to be below 0.1 GeV, if ∆m212 < 10−4 (eV)2, as
required by the solar neutrino data.
4.2 Chargino–Charged Lepton Mass Matrix
Due to the R-parity violating terms in the superpotential, Eq. (2), the charginos mix
with the charged leptons, linking therefore the problem of the masses of the neutrinos
with the problem of the charged lepton flavor violation. We describe in this subsection
the chargino–lepton mass matrix to explain how the flavor mixing on the charged lepton
sector arises. In a basis where
ψ+T = (−iλ+, H˜+u , e+R, µ+R, τ+R ) and ψ−T = (−iλ−, H˜−d , e−L , µ−L , τ−L ) (24)
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the corresponding charged fermion mass terms in the Lagrangian are
Lm = −1
2
(ψ+T , ψ−T )
 0 MTC
MC 0
(ψ+
ψ−
)
+ h.c. (25)
where the chargino–charged lepton mass matrix MC is given in the Appendix A. As in
the MSSM, MC is diagonalized by two rotation matrices, and we include the physical
charged leptons and charginos into a set of five charged fermions defined as:
F−i = Uij ψ
−
j ; F
+
i = Vij ψ
+
j (26)
Such that
U ∗MCV
−1 =MCD (27)
where MCD is the diagonal charged fermion mass matrix.
In the previous expressions the F±i are two component spinors. We construct the
four component Dirac spinors out of the two component spinors with the conventions∗,
χ−i =
F−i
F+i
 (28)
The parameterization of the matrices V , and U given in Appendix A, that was
introduced in Ref. [22, 29], provides a very accurate representation of the exact result.
By comparing the numerical results with the analytical expressions shown in Appendix
A, we found discrepancies of less than the 1%. To obtain this level of accuracy we had
to introduce corrections in the definition of VL, VR, and ΩR with respect to the formulas
of Ref. [22]. These arise mainly from including the sub-matrix E ′ in our derivation (see
Appendix A). Although the size of the matrix elements of E ′ is smaller than the other
components of MC , it must be taken into account in order to match the results of the
smaller elements of U and V found in the exact diagonalization. Our definition of VL and
VR leads to the correct form for the lower right 3 × 3 sub-matrices of U and V . We will
make use of it to explain the details of our results. The inclusion of the matrix E ′ in
the determination of ΩR allows to display the dependence of the matrix elements on the
Λ-parameters, rather than a explicit dependence on the ǫ’s as quoted in Ref. [22].
Also, we must observe that the elements of ΩL exceed the ones of ΩR by several orders
of magnitude. Therefore we can anticipate that the couplings containing the matrix V in
Appendix C, will be suppressed with respect to the ones containing the elements of U .
∗Here we depart from the conventions of Ref. [27] because we want the e−, µ− and τ− to be the
particles and not the anti–particles.
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5 lj → liγ Flavor Violating Processes and the µ Ano-
malous Magnetic Moment
5.1 Effective Lagrangian and Diagrams
The effective operators that generate the decays l−j → l−i γ and the lepton anomalous
magnetic moment can be written as:
Leff = e
mlj
2
liσµνF
µν (ALijPL + ARijPR) lj (29)
χ−j χ-i
w+ w
+
γ
χA0~~ ~ χA- χA-χj
- χ-i
Z0
~~~~
γ
Figure 1: Generic Feynman diagrams for AGL,Rij .
The one–loop contributions to AL,R in the model under consideration arise from the
diagrams of Figs. 1–3
ALij = A
S
Lij + A
G
Lij + A
Q
Lij (30)
ARij = A
S
Rij + A
G
Rij + A
Q
Rij (31)
The partial contributions on the above expression correspond to the addition of the sets
of diagrams represented in each figure:
AGL,Rij = A
N0−W±
L,Rij + A
C±−Z0
L,Rij (32)
ASL,Rij = A
N0−S±
L,Rij + A
C±−S0
L,Rij + A
C±−P 0
L,Rij (33)
AQL,Rij = A
dγ−u˜
L,Rij + A
d−u˜γ
L,Rij + A
uγ−d˜
L,Rij + A
u−d˜γ
L,Rij (34)
The superscripts in each contribution on the right denote the fermion and boson internal
lines of the corresponding diagram. For the quarks-squarks diagrams we include the
symbol γ to indicate whether the photon is attached to the fermion or the boson line.
We follow the notation of [14] indicating by S± the eigenstates of the charged scalar
mass matrix, by S0 and P 0 the eigenstates for the sneutrino–Higgs scalar mass matrices,
CP–even and CP–odd, respectively.
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The contributions to AGL,Rij arise from the diagrams in Fig. 1. The index A = 1, . . . , 5
corresponds to the eigenstates of the chargino–lepton mass matrix, while the indices
i, j = 1, 2, 3 correspond to the lepton generation indices in the limit of the MSSM with
R–parity conservation. These diagrams will become the SM contribution to Leff , Eq. (29),
in the limit ǫi = 0. In the case of the SM it provides the main contribution to aµ, no
contribution for charged LFV processes when neutrinos are considered massless and a very
suppressed contribution for the values of mνi compatible with the experimental limits [4].
The contributions to AS,ijL/R arise from the three diagrams of Fig. 2, where the index
X refers to the eigenstates of scalar mass matrices. S± are the eigenstates of the 8 × 8
charged Higgs–slepton mass matrix and S0, P 0 represent the eigenstates of the 5×5 neutral
Higgs–sneutrino scalar and pseudoscalar mass matrices, respectively. In the limit where
R–parity is conserved these three diagrams will be combined in the two supersymmetric
diagrams contributing to the AL/R in the MSSM. In this this limit, these diagrams are
flavor conserving when the soft-terms are universal as given by minimal Supergravity
version of the MSSM.
χ−j χ-i
S-x
γ
χA0~~ ~ χA- χA-χj
- χ-i~~~~
S-x S
0
x (Px)0
γ
Figure 2: Generic Feynman diagrams for AS,ijL/R.
AQ,ijL/R arise from the four diagrams of Fig. 3, where the indices X = 1, . . . , 6 refer
to the eigenstates of 6 × 6 squark mass matrices and indices a = 1, 2, 3 are the quark
generation indices. These diagrams are not present when R–parity is conserved.
5.2 BR(lj → liγ) for Flavor Violating Processes
The branching ratio for the rare lepton decays lj → liγ is given in the literature [7] and
we do not repeat the derivation here. The result is
BR(l−j → l−i γ) =
48π3α
G2F
(
|ALij |2 + |ARij |2
)
(35)
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where the amplitudes ALij and ARij were defined in Eq. (30). The complete expressions
for the amplitudes corresponding to these processes in the BRpV model are given in the
Appendix C. In their derivation we have neglected the mass of the outgoing fermion.
5.3 The Muon Anomalous Magnetic Moment
The expression for the muon anomalous magnetic moment can be obtained from the
Lagrangian given in Eq. (29). One obtains [30],
aµ =
(gµ − 2)
2
= −m2µ(AµµL + AµµR ) (36)
The amplitudes AµµL/R can also be obtained from the formulas of Appendix C by including
the effect of mµ in both external lines of the diagrams. To do that we just have to include
a factor of 2 in the part of the amplitude containing the function fP , P = N,C,W,Z:
A
aµ
L/R = A
22
L/R(fP (x)→ 2fP (x)) (37)
χ−j χ-i
γ
~ ~ χj- χ-i~~
γ
~
da(ua)
dx(ux)~ ~
ua(da)
ux(dx)~ ux(dx)~ ~
ua(da)
Figure 3: Generic Feynman diagrams for AQ,ijL/R.
6 Results
6.1 The Parameter Space
The BRpV model that we consider adds more free parameters to the ones already present
on the MSSM. However, if we consider the phenomenological constraints imposed on
the MSSM by the limits on the mass of the lightest neutral CP–even Higgs mh, by
the BR(b → sγ) and by the value of the aµ, as well as those derived from neutrino
physics on the BRpV parameters, we can narrow the space of parameters such that
generic predictions for BR(µ→ eγ) and BR(τ → µγ) can be made.
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We assume the parameter space of the MSSM with universal soft-terms and GUT–
unification,
αG, MGUT , m0, M1/2, tanβ, µ, B, hE, hU , hD, A0 (38)
with the addition of the BRpV parameters,
ǫi, Bi, vi, i = 1, 2, 3. (39)
A0 is defined such that AI(GUT ) = A0 ·hI , I = U,D,E. The quantities αG = g2G/4π (gG
being the GUT gauge coupling constant) and MGUT are evaluated consistently with the
experimental values of αem, αs, and sin
2 θW at mZ . We integrate numerically the RGE’s
for the BRpV model, at two loops in the gauge and Yukawa couplings and a one loop in
the soft terms, fromMGUT down to a common supersymmetric thresholdMS ∼ √mt˜1mt˜2 .
From this energy to mZ , the RGE’s of the SM are used.
As we explained before, the minimum conditions of the effective scalar potential
allows us to express the values of µ, B, B1 B2, B3 in terms of tan β, ǫi, vi. These are
evaluated at the scale MS. The value of µ obtained at this scale is similar to the one
obtained by minimizing the effective potential with the complete 1-loop MSSM contribu-
tions [31]. The 1-loop contributions arising from Rp-violating terms for these parameters
are comparatively much smaller.
We fix the elements of the quark Yukawa matrices at the GUT scale, consistently
with the experimental values of the quark masses and the absolute values of the CKM
matrix elements. In the case of the charged leptons we have to make sure that the
three lightest eigenvalues of the chargino–charged lepton matrix are consistent with the
experimental values of the charged lepton masses.
The values of m0 and m1/2 are chosen in region of the parameter space favored by
the considerations presented in Ref. [30], so that we can compare our results with typical
predictions for the BR(µ→ eγ) in the MSSM with a “see–saw” mechanism, as discussed
in Ref. [8]. Obviously, since our model breaks R-parity, the LSP is not a dark matter
candidate and therefore the cosmological preferred areas of Ref. [30] do not apply to our
study. However, the restriction of considering points in the m0 − m1/2 plane such that
mh > 113 GeV, is the most restrictive. The SUSY contribution to a
µ [32] favors the sign
of µ to be positive for the choice of SUSY parameters given below. We found that the
upper bound of Eq. (48) (see below) on δaµ is less restrictive than the one imposed by
mh > 113 GeV. We analyze three sets of SUSY parameters,
a) tanβ = 10, m1/2 = 400 GeV, m0 = 200 GeV, A0 = 0, mν = 0.1 eV.
b) tanβ = 30, m1/2 = 400 GeV, m0 = 300 GeV, A0 = 0, mν = 0.1 eV.
c) tanβ = 30, m1/2 = 600 GeV, m0 = 300 GeV, A0 = 0, mν = 0.1 eV.
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The six free BRpV parameters ǫi, vi reduce to three if we take into account the
constraints imposed by the predictions for neutrino oscillations in this model, as given
in Ref. [14]. By setting the atmospheric neutrino anomaly scale to the magnitude of the
tree level non–zero value of one of the neutrinos, Eq. (22), we fix the value
∑
i Λ
2
i for
each SUSY point, where the Λi were defined in Eq. (21). We then follow the discussion
of Ref. [14], where it was shown that the conditions Λ3 ≃ Λ2 ≃ 5 × Λ1 satisfy both the
atmospheric neutrino anomaly mixings and the CHOOZ result [2]. We then obtain a
linear relationship between each couple ǫi, vi.
Therefore we study the dependence of the process under consideration on the values
of ǫ1, ǫ2, ǫ3 for a neutrino mass of mν3 = 0.1 eV, on the upper limit of the allowed range
for the atmospheric neutrino anomaly. For comparison purposes we also present some
results for mν3 = 0.05 eV on the middle of that range, anf for mν3 = 1 eV.
We will assign random values to ǫ1 and ǫ2 in the range:
− 2× 10−3 GeV ≥ ǫ1, ǫ2 ≥ −60 GeV. (40)
However the requirement that mν2 < 0.01 eV will exclude values of |ǫi| > 0.1 GeV. This
will be explicitly shown in our results. The value of ǫ3 is kept fixed since our results are
not altered when it varies on the above range.
6.2 The Branching Ratio for l−j → l−i γ
We perform a full numerical analysis with the exact diagonalization of matrices involved
in the computation of branching ratios. The main contribution for BR(µ→ eγ), Eq. (35),
comes from the amplitudes AR. The partial contributions from the various diagrams listed
in Eq. (32–34) are displayed in Fig. 4, for the set of parameters b). We have found that
they are all independent of ǫ3 and that they display a linear behavior as a function of
the product ǫ1 · ǫ2, when this product is larger than 0.1 GeV except for the cancellation
observed in ACR = A
C±−S0
R + A
C±−P 0
R . The values of the amplitudes arising from the
diagrams of Fig. 1 depend on the ǫ’s through the Λ’s which are kept fixed, and therefore
remain constant. We also found the contributions of the diagrams of Fig. 3 to be of the
same order of magnitude. As we can see, the sum of all of them, AQR, is almost a linear
function of ǫ1 · ǫ2. The amplitudes arising from the diagrams of Fig. 2 are the dominant
ones. The one mediated by the neutralino (ANR ) is smaller than the dominant chargino
exchange (ACR), except in the range where the cancellation takes place.
We can also observe in Fig. 4 that the cancellation which appear in the ACR depends
on the value of ǫ1. The values that we show correspond to two different choices of ǫ1 (note
that if we allow ǫ1 to change randomly, as we have done with the other amplitudes, the
values for ACR would be a distribution of dots). The behavior of A
C
R cannot be attributed
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Figure 4: Partial Amplitudes AR corresponding to the choice of parameters b) of section
6.1 for ǫ1 = −5 GeV (solid) and ǫ1 = −0.1 GeV (dash). The values of ACR change sign on
each branch of the curve, the left one corresponds to positive values.
to an accidental cancellation between the scalar and pseudoscalar parts as one may naively
expect, on the contrary both parts add constructively and almost vanish simultaneously.
The behavior of that amplitude can be explained when we identify which are the particles
running in the loops of Fig. 2 that are responsible for the main contributions: X = 1, A =
1 and X = 4, A = 1, 2. Then we can obtain an accurate approximation for the amplitude
by using the formulas given in the Appendices A, B and C. Let’s consider AC
±−S0
R since
the contribution of the corresponding pseudoscalar exchange is almost identical. We get
from Eq. (89) for the dominant contributions,
AC
±−S0
R34 ≈−
1
32π2
 1
m2
S0
1
hC(x11)
mχ±
1
mµ
V ccsR311V
ccs∗
L411+
1
m2
S0
4
2∑
A=1
hC(xA4)
mχ±
A
mµ
V ccsR3A4V
ccs∗
L4A4
 (41)
Using the definitions of Appendix B we find,
V ccsR311V
ccs∗
L411 ≈ −
ghµ√
2
U32U14, V
ccs
R3A4V
ccs∗
L4A4 ≈
ghµ√
2
U34VA1UA2 (42)
where hµ is the Yukawa coupling of the muon. We can then write,
AC
±−S0
R34 ≈ F1 U32U14 + F2 U34 (43)
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where
F1 =
ghµ
32
√
2 π2
1
m2
S0
1
hC(x11)
mχ±
1
mµ
(44)
F2 = − ghµ
32
√
2π2
1
m2
S0
4
2∑
A=1
hC(xA4)
mχ±
A
mµ
VA1UA2 (45)
The quantities F1 and F2 are independent of the BRpV parameters ǫi and can be eval-
uated given the SUSY parameters. The dependence of the amplitude AC
±−S0
R34 on the ǫi
comes from the matrix elements U32, U14 and U34. Using the Appendix A we can find ap-
proximate expressions for these matrix elements that display explicitly this dependence.
We get,
U34 ≈ −ǫ1ǫ2
µ2
+
ǫ1Λ2
vdµ2
, U32 ≈ ǫ1
µ
, U14 ≈ −UL12
ǫ2
µ
. (46)
Hence we can find the value of ǫ2 at which A
C
R ≃ 0,
ǫ2 ≈ Λ2F2/vd
F2 + F1UL12
(47)
The position of the cancellation changes, with the value of the SUSY parameters and also
with value of Λ2, as we can see from Eq. (47). This explains the qualitative changes we
find in Figs. 5–8.
Some of the the amplitudes contributing to the BR(µ → eγ) presented above have
been previously discussed in Refs. [9, 11]. We agree with Ref. [11] in that the main
contribution arises fromACR except for the values of parameters affected by the cancellation
mentioned above. However we find smaller values for AQR than the ones quoted in [9].
The contribution of AL to the branching ratio is negligible compared with AR, due
to the fact that the matrix U is replaced by V with suppressed mixings. This holds even
for the element V34. As we can see in Appendix A this element is determined by VR which
is obtained in a similar way as VL for the matrix U. However, we observe that the main
contribution to V34 is suppressed by a factor me/mµ with respect to the corresponding
one in U34.
Fig. 5 shows the impact of the cancellation in ACR on the predictions of BR(µ→ eγ)
for the choice of parameters b). As we can deduce from Eq. (47) the value of the ǫ2 at
which the cancellation in ACR takes place depend on the values of the SUSY parameters.
This determines the shape of the curves of constant BR in Figs. 6, 7 and 8. Since the main
contribution comes from the chargino mediated diagram of Fig. 2, we can expect that the
BR increases with tanβ and decreases as m1/2 grows. The increase of m0 produces the
same qualitative effect as the increase of m1/2, however it has a lower impact on BR than
the changes in m1/2.
Our results can be compared with the predictions of a model based in the MSSM
with a “see–saw” mechanism presented in Ref. [8], where the results for BR(µ→ eγ) are
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Figure 5: BR(µ→ eγ) vs. −ǫ2 for ǫ1 = −0.1,−1,−5 GeV for case b.
of order 10−13 for case a) and between 10−12 and 10−13 for b) and c). If we observe our
predictions for case b) on the left graph of Fig. 6, we can see that the model predicts
ratios of 10−11− 10−13 for values of |ǫ1| and |ǫ2| ranging from 1 to 10 GeV (independently
of the value of ǫ3). Values in the range of 0.1 to 1 GeV would lead to rates of order
10−14 − 10−16, still interesting for the next generation experiments [25, 26]. Similarly, a
window of 0.1 < −ǫ1,−ǫ2 < 1 GeV, is crossed only by the 10−16 line in case c) and by
lines below this value for case a). Such values of |ǫi| are however excluded if one takes
in account the constraint coming from the solar neutrinos mass scale. This is shown in
Figs. 6 and 7, where the dashed line gives the upper limit on the |ǫi| as obtained from
Eq. (23) for the requirement that mν2 < 0.01 eV .
In these figures we can appreciate that the parameters that enhance the ratios also
make mν2 larger. From Eq.(23) we can observe that mν2 increases with tan β (through
the dependence on hb) and decreases as the µ-term increases (i.e with m1/2 and m0).
Furthermore, since we have choosen the Λ-parameters to be related, mν2 is proportional
to a combination of ǫ2i with no accidental cancellation amoung them. Therefore we can
not find suitable values for tanβ, m1/2 and m0, such that we can find an overlaping of
areas with mν2 < 0.01 eV and BR(µ→ eγ) > 10−16.
In Fig. 8 we consider mν3 = 0.05 eV and mν3 = 1 eV both for case b). This decreases
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Figure 6: Contour plot for BR(µ→ eγ) in ǫ1–ǫ2 plane for case b (left) and c (right). The
dash lines correspond to mν2 = 0.01 eV.
(increases) the values of the Λ’s by about a factor of
√
2 (
√
10), respectively. By looking
at the parameterization of the matrix U in Appendix A we can infer that these changes
in the Λ’s have not a decisive impact on the µ→ eγ rates. The reason for this is that the
dominant contributions to AC
±−S0,P 0
R34 are determined by the matrix ΩL and its elements
that depend explicitly on the ǫ’s are much larger than the ones containing Λ’s (at least
for values of ǫ’s leading to relevant ratios). However the position of the cancellation on
AC
±−S0
R34 depends on Λ2 as we can see in Eq. (47) and it therefore determines the changes
in the figures.
The changes on the Λ’s have only a direct impact on the smaller contributions, such
as the ones arising from the diagrams of Fig. 1 and on the AL, which size is controlled
by the elements of ΩR, which, as we have said, are several orders of magnitude below the
main contribution coming from ΩL.
The predictions for BR(τ → µγ) that we obtain with this model are of the same
order as those for BR(µ → eγ), the reason being that we have assumed the Λ’s to be of
the same order of magnitude, as it is required to explain neutrino oscillations. The results
in this case are independent of ǫ1. If we consider values for ǫ2 and ǫ3 in the same range
as in Fig. 6 we obtain similar curves. This result contrasts with the LFV results on the
framework of the R-parity conserving MSSM, where BR(µ→ eγ) is typically suppressed
by several orders of magnitude with respect to BR(τ → µγ). In this case the hierarchy
of Yukawas couplings makes a distinction between the two processes.
We conclude therefore that the values of the parameters of the BRpV model that
successfully explain the solar and atmospheric neutrino data [14], predict rates for µ→ eγ,
τ → µγ and τ → eγ, that are well below the current limits and well as those of planned
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experiments.
6.3 The Muon Anomalous Magnetic Moment
The difference on the value of the muon anomalous magnetic moment found in the BNL
E821 measurement [33] with respect to the SM prediction, which originally was considered
to be 2.6 σ is now reduced to 1.6 σ after a theoretical error has been corrected [34]. When
the 2 σ range is considered, the allowed values for contributions beyond the SM become,
− 6× 10−10 ≤ δaµ ≡ aexpµ − aSMµ ≤ 58× 10−10, (48)
Several studies [30] indicate that the MSSM extension of the SM can account for this
discrepancy. When R–parity is broken the SUSY particles are allowed to enter in the SM
diagrams (Fig. 1) and conversely the SM particles run in the SUSY loops (Figs. 2 and 3).
The contribution due to the R-parity violating operators to δaµ is obtained by
subtracting from the amplitudes arising from Fig. 1 (δaZµ (RpV ), δa
W
µ (RpV )) and Fig. 2
(δaχ˜
±
µ (RpV ), δa
χ˜0
µ (RpV )) the contribution of the SM and the MSSM, respectively (which
are obtained in the limit of vanishing ǫi’s). The contribution from Fig. 3 (a
q
µ) is not
present in the MSSM. All these contributions are found to be small when the R-parity
violating terms are associated with neutrino masses of experimental interest.
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aχ˜
+
µ a
χ˜0
µ a
q
µ δa
χ˜+
µ (RpV ) δa
χ˜0
µ (RpV ) δa
Z
µ (RpV ) δa
W
µ (RpV )
a 9.6 0.45 −1.5 · 10−4 7.5 · 10−2 6.1 · 10−3 −0.25 0.51
b 25.8 −1.1 −1.5 · 10−3 0.35 2.5 · 10−2 −0.28 0.52
c 13.8 0.19 −4.1 · 10−4 0.11 1.9 · 10−2 −0.14 0.28
Table 1: Contributions to aµ from the graphs in Fig. 1–3 (in units of 10
−10). Cases a–c,
refer to the choice of parameters given in section 6.1. See section 5 for details on the
notation.
In Table 1 we show the different contributions to δaµ for the selected values of
m0, m1/2 and tanβ discussed in the section 6.1. The main contributions to δaµ arise basi-
cally from the MSSM components of the diagrams in Fig. 2 (aχ˜
+
µ , a
χ˜0
µ ). The contribution
from BRpV operators just adds a small percentage to the total values arising from physics
beyond the SM. The values that we show correspond to the maximum value obtained in
the conditions for the ǫ–parameters described in section 6.1, when we allow |ǫ1|, |ǫ2| to
range from 0 to 60 GeV (the result is almost independent of the value of ǫ3).
7 Conclusions
We studied the LFV in one–loop induced rare processes lj → liγ, i 6= j in SUSY models
with bi–linear R–parity violation. In this context, the R–parity violating interactions can
explain the neutrino masses and mixings without adding new fields to the particle content
of the MSSM which represent an appealing alternative to the ”see–saw” mechanism. In
this work we addressed the question of whether neutrino masses in the sub–eV range can
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be compatible with rates for charged LFV processes of experimental interest.
We have performed an exhaustive study of the interactions and of the SUSY param-
eters involved in the processes lj → liγ, i 6= j and contributing to the muon anomalous
magnetic moment. For the case of rare decays we find the diagram mediated by the
Higgs–sneutrino scalars to be the dominant. Contributions arising from diagrams in-
cluding lepton–squark and lepton–gauge bosons vertices, possible in this model, are very
suppressed in the range of neutrino masses considered in this work. Regarding aµ, the
additional contributions introduced by the R–parity violating interactions modify in a
small percentage the value obtained in the MSSM limit.
As in a previous analysis [11] we find the BR(µ → eγ) to be very sensitive to the
product ǫ1 · ǫ2. However the presence of a cancellation in the main amplitude contributing
to this process (which we have analyzed in detail through an accurate parameterization of
the matrices U, V ), makes our contour plots sensitive to the values of ǫ1 and ǫ2 in most of
our examples. The rate increases with tan β as it is the case in the MSSM with ”see–saw”
mechanism. However as the one–loop induced neutrino masses will also grow with tan β,
the requirement that ∆m212 is compatible with the solar neutrino data excludes the region
in parameter space where the BR(µ → eγ) could be of experimental interest. On the
other hand the rates for τ → µγ found in our study are of the same order as the ones for
µ→ eγ, therefore also out of the experimental range.
Unlike the situation in these models, the rates for τ → µγ found in our study are of
the same order as the ones for µ→ eγ, therefore out of the experimental range.
To conclude, we must say, that the obtained results for the µ→ eγ show us that if the
BRpV model is the explanation for both the solar and atmospheric neutrino ocillations,
the predicted LFV will not be testable at PSI [25] or at PRISM [26]. The correlations of
the BRpV parameters with the neutralino decays, as proposed in Ref. [35], will remain
the main test of the model.
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A Chargino–Charged Lepton Mass Matrix
The chargino–charged lepton mass matrix, in the basis of of Eq. (24), takes the form:
MC =
 Mχ± E ′
E ME
 (49)
where ME =
1√
2
vdhE is the charged leptons mass matrix and Mχ± is the usual MSSM
chargino mass matrix,
Mχ± =
 M2 1√2gvu
1√
2
gvd µ
 (50)
The sub-matrix E is
E =

1√
2
gv1 −ǫ1
1√
2
gv2 −ǫ2
1√
2
gv3 −ǫ3
 (51)
and E ′ can be written as E ′ = −v.hE , where v is defined as:
v =
 0 0 0
v1√
2
v2√
2
v3√
2
 (52)
As the R–parity breaking parameters are small compared with the SUSY scale,
it is possible to have an approximate diagonalization of MC . This will be very useful
in understanding the numerical results as we can have approximate analytical formulas.
This approximate diagonalization is obtained by using the following parameterization,
introduced in Refs. [22, 29], for U∗and V †
U∗ =
 U∗L 0
0 VL
  1− 12Ω†LΩL Ω†L
−ΩL 1− 12ΩLΩ†L
 (53)
V † =
 1− 12Ω†RΩR −Ω†R
ΩR 1− 12ΩRΩ†R
  U †R 0
0 V †R
 (54)
where UL,R are the MSSM rotation matrices,
U∗LMχ±U
†
R =M
diag
χ± (55)
The matrices ΩL,R and VL,R are to be determined from the unitarity of U and V , and
from the defining condition
U∗MCV
† =
 Mdiagχ± 0
0 MdiagE
 (56)
In the literature [22, 29], the matrices ΩL,R and VL,R were obtained in the approxi-
mation E ′ = 0. However we discovered that this approximation was not good enough to
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explain our numerical results. So we re-derived the expressions for these matrices without
neglecting E ′. We get the following expressions for ΩL,R,
ΩL = EM
−1
χ± =
1
det(Mχ±)

g√
2
Λ1 − 1µ(ǫ1 det(Mχ±) + 12g2vuΛ1)
g√
2
Λ2 − 1µ(ǫ2 det(Mχ±) + 12g2vuΛ2)
g√
2
Λ3 − 1µ(ǫ3 det(Mχ±) + 12g2vuΛ3)
 (57)
ΩR =
(
E ′† +M †eEM
−1
χ±
)
(M−1χ± )
T = h†E
(
−v† + 1√
2
vdΩL
)
(M−1χ± )
T
=
1
det(Mχ±)

g√
2
(ME)i1Λi −M2vd (ME)i1Λi
g√
2
(ME)i2Λi −M2vd (ME)i2Λi
g√
2
(ME)i3Λi −M2vd (ME)i3Λi
 · (M−1χ± )T (58)
where summation over i = 1, 2, 3 is implied in each matrix element. The expression for
ΩL coincides with the one found in the literature but the expression for ΩR it is different.
For VL,R we found that instead of the relation [22, 29]
VLMEV
†
R = M
diag
E (59)
they should satisfy,
VL
(
ME − ΩLE ′ − 12ΩLΩTLME
)
V †R = M
diag
E (60)
For a general form of the matrix ME it will be difficult to have an explicit form for VL,R.
However for the case, that we consider, where the matrix ME is diagonal, we can obtain
an analytical approximate expression for these matrices,
VL,R ≃

1 ηL,R12 η
L,R
13
− η∗L,R12 1 ηL,R23
− η∗L,R13 −η∗L,R23 1
 (61)
where
ηLij =
ǫiǫj
2µ2
m2i +m
2
j
m2i −m2j
+
ǫiΛj
µ2vd
[
g2vuvd
2 det(Mχ±)
− m
2
j
m2i −m2j
]
+
ǫjΛi
µ2vd
[
− g
2vuvd
2 det(Mχ±)
− m
2
i
m2i −m2j
]
− ΛiΛj
det(Mχ±)µ2
g2vu
vd
m2i +m
2
j
m2i −m2j
(62)
ηRij =
ǫiǫj
µ2
mimj
m2i −m2j
− ǫiΛj
µ2vd
mimj
m2i −m2j
− ǫjΛi
µ2vd
mimj
m2i −m2j
− ΛiΛj
det(Mχ±)µ2
2 g2vu
vd
mimj
m2i −m2j
(63)
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and mi are the charged lepton physical masses.
Putting everything together we can find analytical expressions for the matrix U that
will be useful in explaining our results. We get,
U∗2+i,1 ≃ −
g√
2
Λi
det(Mχ±)
(64)
U∗2+i,2 ≃ −ΩLi2 ≃
ǫi
µ
(65)
U∗1,2+i ≃ U∗L12 ΩLi2 ≃ −U∗L12
ǫi
µ
(66)
U∗2,2+i ≃ U∗L22 ΩLi2 ≃ −U∗L22
ǫi
µ
(67)
U∗2+i,2+j ≃
(
VL − 12ΩLΩTL
)
ij
(68)
For further reference we give the approximate expression for U∗3,4. We get
U∗34 ≃ −
ǫ1ǫ2
µ2
+
ǫ1Λ2
µ2vd
− g vuǫ2Λ1
det(Mχ±)µ2
(69)
≃ −ǫ1ǫ2
µ2
+
ǫ1Λ2
µ2vd
(70)
where we have assumed that the parameters are in the ranges described in section 6.1.
B The Couplings
The relevant part of the Lagrangian, using four component spinor notation is,
L =
[
χ−i (V
cns
LiAXPL + V
cns
RiAXPR)χ
0
AS
−
X + χ
−
i (V
cdu˜
LiAXPL + V
cdu˜
RiAXPR)dAu˜
∗
X
+ χ+i (V
cud˜
LiAXPL + V
cud˜
RiAXPR)uAd˜
∗
X + χ
−
i γ
µ(V cnWLiA PL + V
cnW
RiA PR)χ
0
AW
−
µ + h.c.
]
+ χ−i (V
ccs
LiAXPL + V
ccs
RiAXPR)χ
−
AS
0
X + χ
−
i (V
ccp
LiAXPL + V
ccp
RiAXPR)χ
−
AP
0
X
+ χ−i γ
µ(V ccZLiAPL + V
ccZ
RiAPR)χ
−
AZ
0
µ (71)
The definition of these couplings is given in the following sections. These definitions
extend those of Ref. [14] which conventions we follow.
B.1 Chargino-Neutralino-Charged Scalars
V cnsLiAX = −ρA
[
gRS
±
X2
(
1√
2
N∗A2V
∗
i2 +N
∗
A4V
∗
i1
)
+g′
(
1√
2
RS
±
X2N
∗
A1V
∗
i2 +
√
2RS
±
X5+αV
∗
i2+αN
∗
A1
)
22
+RS
±
X2+αh
αβ
E V
∗
i2+βN
∗
A3 − RS
±
X1N
∗
A4+αh
αβ
E V
∗
i2+β
]
(72)
V cnsRiAX = ηi
[
gRS
±
X1
(
1√
2
NA2Ui2 −NA3Ui1
)
+ gRS
±
X2+α
(
1√
2
Ui2+αNA2 −NA4+αUi1
)
+
g′√
2
(
RS
±
X1NA1Ui2+R
S±
X2+αUi2+αNA1
)
+(Ui2NA4+α−NA3Ui2+α) hαβE RS
±
X5+β
]
(73)
where the indices have the following ranges: A = 1, . . . , 7, i = 1, . . . , 5, α, β = 1, . . . , 3
and ρA (ηi) are the signs of the neutralinos (respectively charginos) as they are obtained
from the numerical evaluation of the eigenvalues [14].
B.2 Chargino-Chargino-CP Even Neutral Scalars
V ccsLiAX = −ηA
1√
2
[
g
(
RS
0
X1U
∗
A2V
∗
i1 + R
S0
X2U
∗
A1V
∗
i2 +R
S0
X2+αU
∗
A2+αV
∗
i1
)
+
(
RS
0
X1U
∗
A2+α − U∗A2RS
0
X2+α
)
hαβE V
∗
i2+β
]
(74)
V ccsRiAX = V
ccs∗
LAiX (75)
B.3 Chargino-Chargino-CP Odd Neutral Scalars
V ccpLiAX = iηA
1√
2
[
g
(
RP
0
X1U
∗
A2V
∗
i1 +R
P 0
X2U
∗
A1V
∗
i2 +R
P 0
X2+αU
∗
A2+αV
∗
i1
)
+
(
U∗A2R
P 0
X2+α − RS
0
X1U
∗
A2+α
)
hαβE V
∗
i2+β
]
(76)
V ccpRiAX = V
ccp∗
LAiX (77)
B.4 Chargino-Neutralino-W±
V cnWLiA = −ηi ρA g
[
N∗A2Ui1 +
1√
2
(
N∗A3Ui2 +N
∗
A4+αUi2+α
)]
(78)
V cnWRiA = g
[
1√
2
NA4V
∗
i2 −NA2V ∗i1
]
(79)
B.5 Chargino-Chargino-Z0
V ccZLiA = ηi ηA
g
cos θW
[
1
2
Ui1U
∗
A1 +
(
1
2
− sin2 θW
)
δiA
]
(80)
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V ccZRiA =
g
cos θW
[
V ∗i1VA1 +
1
2
V ∗i2VA2 − sin2 θW δiA
]
(81)
B.6 Chargino-Quark Down-Squark Up
V cdu˜LiAX = η
d
A
[
−gV ∗i1Ru˜XαRd∗LAα + V ∗i2Rd∗LAαhαβU Ru˜X3+β
]
(82)
V cdu˜RiAX = ηi
[
Ui2R
u˜
Xαh
αβ
D R
d
RAβ
]
(83)
B.7 Chargino-Quark Up-Squark Down
V cud˜LiAX = ηiη
u
A
[
−gU∗i1Rd˜XαRu∗LAα + U∗i2Ru∗LAαhαβD Rd˜X3+β
]
(84)
V cud˜RiAX = Vi2R
d˜
Xαh
αβ
U R
u∗
RAβ (85)
C Amplitudes
We collect here the various amplitudes corresponding to the diagrams of Figs. 1–3. In
these amplitudes the mass of the outgoing fermion was neglected. We give only the
amplitudes AL because the AR can be obtained from these with the substitution rule
ARij = ALij(L/R→ R/L). (86)
C.1 Neutralinos–Charged Scalars
AN
0−S±
Lij =
5∑
A=1
8∑
X=1
1
32π2
1
m2
S±
X
[
fN(xAX)V
cns
LiAXV
cns∗
LjAX + hN(xAX)
mχ0
A
mlj
V cnsLiAXV
cns∗
RjAX
]
(87)
with xAX =
(
m
χ0
A
m
S
±
X
)2
and the functions fN , hN given by
fN(x) =
1− 6x+ 3x2 + 2x3 − 6x2 ln x
6(1− x)4 hN(x) =
1− x2 + 2x ln x
(1− x)3 (88)
C.2 Charginos–CP Even Neutral Scalars
AC
±−S0
Lij =
5∑
A=1
5∑
X=1
− 1
32π2
1
m2S0
X
[
fC(xAX)V
ccs
LiAXV
ccs∗
LjAX + hC(xAX)
mχ±
A
mlj
V ccsLiAXV
ccs∗
RjAX
]
(89)
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with xAX =
(
m
χ
±
A
m
S0
X
)2
and the functions fC , hC given by
fC(x) =
2 + 3x− 6x2 + x3 + 6x lnx
6(1− x)4 hC(x) =
−3 + 4x− x2 − 2 lnx
(1− x)3 (90)
C.3 Charginos–CP Odd Neutral Scalars
AC
±−P 0
Lij =
5∑
A=1
5∑
X=1
− 1
32π2
1
m2
P 0
X
[
fC(xAX)V
ccp
LiAXV
ccp∗
LjAX + hC(xAX)
mχ±
A
mlj
V ccpLiAXV
ccp∗
RjAX
]
(91)
with xAX =
(
m
χ
±
A
m
P0
X
)2
.
C.4 Quarks–Squarks
Adγ−u˜Lij =
3∑
A=1
6∑
X=1
3(−1
3
)
1
32π2
1
m2
u˜X
[
fC(xAX)V
cdu˜
LiAXV
cdu˜∗
LjAX+hC(xAX)
mdA
mlj
V cdu˜LiAXV
cdu˜∗
RjAX
]
(92)
with xAX =
(
mdA
m
u˜X
)2
.
Auγ−d˜Lij =
3∑
A=1
6∑
X=1
3(
2
3
)
1
32π2
1
m2
d˜X
[
fC(xAX)V
cud˜
RiAXV
cud˜∗
RjAX + hC(xAX)
muA
mlj
V cud˜RiAXV
cud˜∗
LjAX
]
(93)
with xAX =
(
muA
m
d˜X
)2
.
Ad−u˜γLij =
3∑
A=1
6∑
X=1
3(
2
3
)
1
32π2
1
m2
u˜X
[
fN (xAX)V
cdu˜
LiAXV
cdu˜∗
LjAX + hN(xAX)
mdA
mlj
V cdu˜LiAXV
cdu˜∗
RjAX
]
(94)
with xAX =
(
mdA
m
u˜X
)2
.
Au−d˜γLij =
3∑
A=1
6∑
X=1
3(−1
3
)
1
32π2
1
m2
d˜X
[
fN(xAX)V
cud˜
RiAXV
cud˜∗
RjAX+hN(xAX)
muA
mlj
V cud˜RiAXV
cud˜∗
LjAX
]
(95)
with xAX =
(
muA
m
d˜X
)2
.
C.5 W-Neutralinos
For W–Neutralinos the amplitude, in the unitary gauge (ξ → +∞) is,
AN
0−W±
Lij =
5∑
A=1
− 1
32π2
1
m2W
[
fW (xA)V
cnW
RiA V
cnW∗
RjA + hW (xA)
mχ0
A
mlj
V cnWRiA V
cnW∗
LjA
]
(96)
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with xA =
(
m
χ0
A
mW
)2
and the functions fW , hW given by
fW (x) =
10− 43x+ 78x2 − 49x3 + 4x4 + 18x3 ln x
6(1− x)4 (97)
hW (x) =
−4 + 15x− 12x2 + x3 + 6x2 ln x
(1− x)3 (98)
C.6 Z–Charginos
For Z–Charginos the amplitude, in the unitary gauge (ξ → +∞) is,
AC
±−Z0
Lij =
5∑
A=1
1
32π2
1
m2Z
[
fZ(xA)V
ccZ
RiAV
ccZ∗
RjA + hZ(xA)
mχ±
A
mlj
V ccZRiAV
ccZ∗
LjA
]
(99)
with xA =
(m
χ
±
A
mZ
)2
and the functions fZ , hZ given by
fZ(x) =
8− 38x+ 39x2 − 14x3 + 5x4 − 18x2 lnx
6(1− x)4 (100)
hZ(x) =
−4 + 3x+ x3 − 6x ln x
(1− x)3 (101)
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